STUDY QUESTION: Is nuclear quality of in vitro generated spermatozoa from fresh or frozen/thawed pre-pubertal mouse testes similar to that of their in vivo counterparts?
Introduction
Survival rate after childhood cancer has increased due to progress in diagnosis and therapeutics. However, oncological treatments can be toxic for spermatogonial stem cells in the pre-pubertal testis and lead to infertility in adulthood (Jahnukainen et al., 2015) . To preserve the fertility of pre-pubertal boys, cryopreservation of testicular cell suspensions or tissue using slow freezing or vitrification procedures is performed before the start of highly gonadotoxic treatments (Onofre et al., 2016) . Fertility restoration techniques are currently developed in animal models. Spermatozoa have been successfully produced from spermatogonial stem cells in a number of animal species, using in vivo maturation approaches (spermatogonial stem cell transplantation, testicular tissue grafting) or in vitro maturation approaches (threedimensional culture of testicular cells, organotypic culture) (Galdon et al., 2016; Giudice et al., 2017) . In vitro spermatogenesis, which presents the advantage of avoiding the possible reintroduction of tumor cells to the patients, could potentially be applied in the clinics in the future.
In the mouse model, spermatozoa have been generated in vitro from fresh or frozen/thawed pre-pubertal spermatogonial stem cells (Sato et al., 2011; Abu Elhija et al., 2012; Yokonishi et al., 2014; Arkoun et al., 2015 Arkoun et al., , 2016 Dumont et al., 2015; Komeya et al., 2016) . The yield of spermatozoa produced in organotypic cultures (around 100, 10 and 35 spermatozoa per mg of tissue in 30-day cultures of fresh, controlled slow freezing (CSF) or solid surface vitrification (SSV) testes, respectively) is however low compared to age-matched in vivo controls (> 1000 spermatozoa per mg of tissue), even with retinol supplementation (Arkoun et al., , 2016 Dumont et al., 2015 Dumont et al., , 2016 Nakamura et al., 2017; Rondanino et al., 2017) . Our recent data show that meiotic and postmeiotic progression is impaired in cultured testicular tissues and there is an increased formation of degenerating round spermatids Rondanino et al., 2017) . Alterations of the meiotic and postmeiotic processes could induce sperm nuclear abnormalities.
Several key events indeed occur within germ cell nuclei during these steps: chromosome recombination and segregation during meiosis, replacement of the majority of histones by transition proteins and then by protamines during spermiogenesis, and elongation of telomeres. Meiosis is a division process allowing the production of round haploid spermatids from diploid spermatogonial stem cells. Missegregation of chromosomes during this step leads to the generation of aneuploid gametes. The condensation of chromatin by protamines in spermatids, with transient appearance of DNA strand breaks, is then essential for the protection of the male genome against oxidative stress and other stresses (Rathke et al., 2014) . Telomeres, which contain tandem repeats of the hexanucleotide TTAGGG sequence, also contribute to the maintenance of genomic integrity by protecting chromosome ends against degradation and fusion. The number of repeats (telomere length) gradually increases during spermatogenesis (Ozturk, 2015) . Telomeres are also important for correct chromosomal positioning (Tanemura et al., 2005) .
The integrity of sperm DNA is of crucial importance for balanced transmission of genetic information to future generations (Ioannou et al., 2016) . Increased sperm aneuploidy, DNA fragmentation and chromatin decondensation could be possible causes of miscarriage (Zidi-Jrah et al., 2016) . Sperm telomere length and DNA oxidation are also associated with the quality of embryonic development (Meseguer et al., 2008; Yang et al., 2015) . Moreover, the alteration of sperm nuclear quality could have long-term consequences on offspring's health, behavior and longevity (Fernández-Gonzalez et al., 2008; Lane et al., 2014) .
Although viable and fertile mice have been obtained with spermatozoa generated in cultures of fresh and vitrified testes through intracytoplasmic sperm injection (Sato et al., 2011; Yokonishi et al., 2014; Komeya et al., 2016) , the nuclear quality of gametes produced in vitro from pre-pubertal testicular tissues has never been investigated. Only the karyotypes of spermatozoa produced after transplantation of prepubertal spermatogonial stem cells have been analyzed by array comparative genomic hybridization, revealing no numerical chromosomal aberrations but only polymorphisms (Goossens et al., 2010) .
The aim of the present study was therefore to explore numerical chromosome abnormalities, DNA fragmentation, chromatin condensation defects, telomere length and number, and DNA oxidation in spermatozoa generated in cultures of fresh or frozen/thawed mouse pre-pubertal testes and in their in vivo counterparts.
Materials and Methods

Mouse testes collection and ethical approval
Testes from pre-pubertal 6-7 days postpartum (dpp) CD-1 male mice (Charles River Laboratories, L'Arbresle, France) were cultured either directly (culture of fresh tissues) or after CSF or SSV and thawing. In total, 90 testes (30 fresh, 30 CSF, 30 SSV) from 45 mice were used for in vitro maturation and 6 testes from 6 mice aged 36-37 dpp were used as in vivo controls. Moreover, six testes from six mice aged 60-61 dpp were used for the analysis of sperm quality after the first spermatogenic wave. A total of 57 mice were used in this study. All the experimental procedures were approved by the Institutional Animal Care and Use Committee of Rouen University Hospital.
Freezing and thawing of testicular tissues
Testes were frozen by CSF in the presence of cryoprotectants, as previously described (Milazzo et al., 2008; Arkoun et al., 2016) . Alternatively, testes were incubated with cryoprotectants and frozen by SSV, as previously described . (Milazzo et al., 2008; Dumont et al., 2015; Arkoun et al., 2016) .
Organotypic cultures
Fresh and frozen/thawed testicular tissues were cultured at a gas-liquid interphase, as previously described (Sato et al., 2011; Arkoun et al., 2015) . Tissues were maintained under 5% CO 2 -95% air at 34°C for 30 days (the duration of the first spermatogenic wave). The α-MEM medium (Gibco by Life Technologies, 22 561-021, Saint-Aubin, France), supplemented with 10% (v/v) KnockOut Serum Replacement (Gibco by Life Technologies, 10 828-010), 5 μg/mL gentamicin (Sigma-Aldrich, G1397, Saint-Quentin Fallavier, France), 10 −6 M retinol (Sigma-Aldrich, R7632) and 3.4 mM vitamin E (Sigma-Aldrich, T3251), was replaced every 4 days.
Testicular sperm extraction
Because of the low production of spermatozoa in vitro, testicular fragments were pooled at the end of cultures. For each experimental condition (fresh, CSF or SSV tissues) and each method of gamete quality assessment, 24 testicular fragments from 6 different testes were pooled into 1 mL of pre-warmed α-MEM. Tissues were then mechanically dispersed using 27-gauge needles. After a 10-min centrifugation at 300 × g, pellets containing testicular cells were recovered. As in the case of human sperm nuclei analysis, cells were either fixed with methanol (30 min, −20°C) for fluorescence in situ hybridization (FISH), quantitative FISH and DNA fragmentation studies, or with 4% (w/v) paraformaldehyde (30 min, 4°C) for the immunocytochemical detection of 8-hydroxy-2′-deoxyguanosine (8-OHdG). Cells were then spread onto glass slides. In total, 360 testicular fragments from 90 different 6-7 dpp testes were in vitro cultured for this study. For in vivo controls, spermatozoa were extracted from six different 36-37 dpp testes or from six different 60-61 dpp testes.
FISH analyses
Testicular cells fixed with methanol were permeabilized in acetone for 2 min. Nuclei were decondensed with 1 M NaOH for 3 min and in PBS (BioMérieux, Marcy l'Etoile, France) containing 10 mM dithiothreitol and 0.1% (v/v) Triton X-100 (Sigma-Aldrich) for 20 min at 4°C. Slides were washed twice in 2× standard saline citrate (SSC) for 5 min and air-dried. Three-color FISH analyses were performed using painting probes for chromosome X in red (XMP X Orange, D-1420-050-OR, MetaSystems Probes, Altussheim, Germany), chromosome Y in green (XMP Y Green, D-1421-050-FI, MetaSystems Probes) and chromosome 8 in yellow (XMP 8 Orange, D1408-050-OR, XMP 8 Green, D-1408-050-FI, MetaSystems Probes). Nuclear DNA and probes were denatured at 72°C for 5 min and hybridized overnight at 37°C. Slides were then washed in 0.4 × SSC + 0.1% (v/v) Nonidet-P40 (Sigma-Aldrich) at 72°C for 2 min, in 2 × SSC at room temperature for 30 s and in distilled water. Slides were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, Counterstain I, 30-804 931, Adgenix, Voisins-Le-Bretonneux, France) diluted 1:100 in antifade mounting medium. Spermatozoa were examined at a × 900 magnification with a BX61 epifluorescence microscope (Olympus, Tokyo, Japan).
DNA fragmentation
Cells fixed in methanol were permeabilized in acetone for 2 min. Terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) assays were then performed using the In Situ Cell Death Detection kit POD (Roche, 11 684 817 910, Mannheim, Germany) for 1 h at 37°C, following manufacturer's instructions. Slides were counterstained with DAPI. Positive TUNEL controls were performed by incubating cells with 50 μg/ mL DNase I (Sigma-Aldrich, DN25) for 15 min at 37°C before TUNEL assays and negative controls were carried out by omitting the enzyme solution. Sperm DNA fragmentation was analyzed at a ×900 magnification with a BX61 epifluorescence microscope (Olympus).
Aniline blue staining
Nuclei were stained with 5% (w/v) aniline blue (Sigma-Aldrich, M6900) at pH 3.5 for 5 min and counterstained in 2% (w/v) eosin for 30 s. Slides were then mounted with Eukitt (CML, 12 161 500, Nemours, France).
Images were acquired at a × 500 magnification under a DM4000B light microscope (Leica, Solms, Germany) equipped with a DFC290 camera and the Application Suite Core v2.4 Software (Leica).
Quantitative FISH (Q-FISH)
Telomere length and number were determined by Q-FISH. To provide a quantitative control enabling comparison between slides, a suspension of L5178Y-R mouse lymphoma cells (ECACC # 90 062 802, Sigma-Aldrich), which have a stable and known telomere length of 79.7 kb (McIlrath et al., 2001) , was added to the slides where testicular cells were fixed with methanol, as previously described (Turner et al., 2010) . All cells on the slide were processed together for Q-FISH. Briefly, nuclei were decondensed with 1 M NaOH for 3 min. After 2 min in 2 × SSC and 5 min in Tris-buffered saline (Dako, Les Ulis, France), cells were fixed with 3.7% (w/v) formaldehyde for 2 min and rinsed in 2 × SSC for 5 min. The Telomere PNA FISH kit (Dako, K5326) was then used following manufacturer's instructions. Nuclear DNA and Cy3-conjugated peptide nucleic acid telomere probes were denatured at 80°C for 5 min and hybridized at 32°C for 2 h. Slides were counterstained with DAPI. Images were captured at a × 900 magnification by a U-CMAD3 camera mounted on a BX61 epifluorescence microscope (Olympus), with a fixed acquisition and exposure time of 700 ms. Sixteen consecutive images at different focal depths were stacked into a composite image used for quantification. Image acquisitions and analyses were carried out using the Bioview Duet v2.3 image analyser (Nes Ziona, Israël). The fluorescence intensity of telomere signals was automatically determined. The average telomere length of each sperm nucleus was calculated by the total fluorescence intensity of all the telomere signals divided by 40, the number of telomeres expected in a mouse haploid cell, and converted in kb using the known telomere length of L5178Y-R cells. The number of telomere spots was also counted for each nucleus analyzed.
8-OHdG immunostaining
DNA of testicular cells fixed with 4% (w/v) paraformaldehyde was decondensed with 1 M NaOH for 5 min. Binding to non-specific sites was blocked with 5% (w/v) bovine serum albumin (BSA in PBS, Sigma-Aldrich) for 30 min and endogenous peroxidases were blocked with HP Block (Dako, S2023) for 5 min at room temperature. Slides were incubated overnight at 4°C with mouse monoclonal anti-8-OHdG IgGs (2 μg/mL in PBS + 5% (w/v) BSA, clone 15A3, Novus Biologicals, Littleton, CO, USA). Slides were then incubated 5 min at room temperature with biotinylated goat polyclonal anti-mouse IgGs (Thermo Fisher Scientific, TP-060-BN, Waltham, MA, USA). The immunoreaction was visualized after incubation with horseradish peroxidase-conjugated streptavidin (Thermo Fisher Scientific, TS-060-HR) for 5 min at room temperature followed by the addition of 3,3′-diaminobenzidine (1:50, Thermo Fischer Scientific, TA-060-HDX) for 4 min. Slides were counterstained with hematoxylin (Dako) for 15 s and mounted. Positive controls were performed by incubating cells with 30% (w/v) H 2 O 2 for 30 min at room temperature before fixation and 8-OHdG immunostaining. Immunostaining with pre-immune mouse IgGs (2 μg/mL in PBS + 5% (w/v) BSA, SC-2025, SantaCruz Biotechnology, Heidelberg, Germany) was used as a negative control. Images were acquired at a × 500 magnification under a DM4000B light microscope (Leica).
Statistical analyses
For each method of quality assessment, a hundred spermatozoa (from a pool of 6 in vitro cultured testes or from 6 in vivo testes), identified by their hook-shaped heads, were examined. Data are expressed as mean ± SEM for in vivo controls. Data obtained for in vitro and in vivo produced spermatozoa, and for spermatozoa generated from fresh, CSF and SSV tissues were compared using the χ 2 test. Statistical analyses were carried out with the statistical GraphPad Prism v4.02 software (GraphPad Software Inc., La Jolla, CA, USA). A value of P < 0.05 was considered statistically significant.
Results
Haploidy, aneuploidy and diploidy rates in in vitro and in vivo produced spermatozoa
We first wondered whether chromosomes segregated properly in the mouse germline during meiosis in organotypic cultures. Haploidy, aneuploidy and diploidy rates were therefore determined in spermatozoa extracted from pooled in vitro cultured tissues by performing FISH analyses for chromosomes X, Y and 8 (Fig. 1a) . Their chromosomal content was compared to that of their in vivo counterparts. Most of spermatozoa produced in 30-day cultures of fresh 6-7 dpp mouse testes and in 36-37 dpp testes (aged-matched in vivo controls) were haploid (94.06% versus 91.45 ± 1.50%, Fig. 1b) . Similarly, no significant decrease in the proportion of haploid spermatozoa was evidenced after cultures of CSF and SSV testes (92.16% and 93.46%, respectively, Fig. 1b) . The sex ratio (X8/Y8) was close to 1 for both in vitro and in vivo produced spermatozoa (Fig. 1b) . The rate of total chromosome abnormalities was also comparable when gametes were generated in vitro or in vivo (3.74-3.96% versus 5.95 ± 0.84%, Fig. 1b) . Indeed, similar aneuploidy and diploidy frequencies were found in spermatozoa extracted from cultured tissues or from control testes.
Chromosomes X, Y and 8 position within sperm nuclei
In spermatozoa, chromosomes are non-randomly positioned within nuclei. Chromosomal distribution was compared in gametes generated in cultures and in vivo. Hook-shaped heads were arbitrarily divided into apical, basal, ventral and dorsal areas (Fig. 1c) . Chromosomes X and Y were located in the dorsal region in most of in vivo produced spermatozoa whereas chromosome 8 positioned randomly within nuclei (Fig. 1c) . Sex chromosomes distributed similarly in spermatozoa extracted from cultures of fresh and CSF tissues, but were more frequently observed in the ventral area in spermatozoa extracted from SSV tissues (P < 0.05, Fig. 1c ). Chromosome 8 was found in the ventral and dorsal regions of the nuclei in more than 83% of in vitro produced spermatozoa (P < 0.05, Fig. 1c ).
DNA fragmentation and chromatin condensation in in vitro and in vivo generated gametes
An increased proportion of round spermatids with fragmented DNA has been evidenced in organotypic cultures compared to in vivo controls . In this study, DNA fragmentation was monitored in in vitro and in vivo produced spermatozoa by TUNEL analyses (Fig. 2a) . Most of spermatozoa recovered from cultures of fresh or frozen/thawed testes and from 36-37 dpp testes contained unfragmented DNA (67%, 63%, 68% and 64.3 ± 1.7% from fresh, CSF, SSV and in vivo tissues, respectively, Fig. 2c ). In addition, a similar proportion of spermatozoa with DNA strand breaks was observed after in vitro and in vivo maturation. We then asked whether chromatin compaction, which takes place during spermiogenesis, also occurred in vitro. Chromatin condensation was analyzed in spermatozoa by aniline blue staining (Fig. 2b) . Most spermatozoa, whether generated in cultures or in vivo, showed a normally condensed chromatin (56-60% in cultures versus 64.5 ± 1.6% in vivo, Fig. 2c ). The freezing/thawing procedure used (CSF or SSV) before in vitro maturation had no impact on nuclear DNA packaging. Moreover, spermatozoa with hypocondensed chromatin were present in control testes, in similar proportions to those found in cultured tissues (Fig. 2c) .
Sperm telomere length and number in organotypic cultures and control testes
Telomere length gradually increases during spermatogenesis. Whether telomere shortening and reorganization occur in organotypic cultures was investigated by Q-FISH (Fig. 3a) . The calculated telomere length of in vivo produced spermatozoa ranged from 40 to 638 kb (median = 129 kb) and was not significantly different in spermatozoa generated in organotypic cultures (Fig. 3b) . Moreover, spermatozoa produced in cultures of fresh, CSF and SSV pre-pubertal tissues had similar median telomere lengths (111, 137 and 136 kb, respectively, Fig. 3b) . However, the number of telomere signals was slightly but significantly lower in spermatozoa obtained in vitro than in vivo (P < 0.01), and in spermatozoa generated in SSV tissues than in fresh or CSF tissues (P < 0.05 and P < 0.001, respectively, Fig. 3c ). The number of telomere spots per sperm nucleus ranged from 6 to 26 in controls (median = 17) and from 5 to 22 in vitro (median = 15, 16 and 14 for cultures of fresh, CSF and SSV tissues, respectively, Fig. 3d ).
Sperm DNA oxidation in in vitro matured pre-pubertal testes or in vivo Freezing/thawing procedures and air exposure of testicular fragments during culture at a gas-liquid interphase could cause oxidative DNA damage in germ cells. The proportion of spermatozoa with oxidized DNA was evaluated by 8-OHdG immunostaining (Fig. 4a) . 8-OHdGnegative spermatozoa were found in majority in 36-37 dpp testes and in cultured testicular tissues (Fig. 4b) . A similar proportion of gametes containing 8-OHdG adducts was found in control testes and in cultures of fresh tissues (Fig. 4b) . However, DNA oxidation was detected in a higher percentage of spermatozoa in frozen/thawed tissues than in vivo or in fresh tissues (P < 0.05, Fig. 4b ).
Sperm nuclear quality after the first spermatogenic wave
Because the efficiency of in vitro spermatogenesis dropped after around 4-6 weeks in testes cultured at a gas-liquid interphase (Sato et al., 2011; Arkoun et al., 2015; Komeya et al., 2016) , we could not determine whether spermatozoa produced in vitro after the first Figure 1 Haploidy, aneuploidy and diploidy in spermatozoa generated after in vitro maturation of fresh or frozen/thawed mouse pre-pubertal testes or in vivo controls. (a) Representative fluorescence in situ hybridization (FISH) images showing X (red), Y (green) and 8 (yellow) chromosomes in spermatozoa extracted from 30-day cultures of fresh, controlled slow freezing (CSF) or solid surface vitrification (SSV) testes and from 36-37 days postpartum (dpp) testes (in vivo controls). A hundred spermatozoa (from a pool of 6 in vitro matured testes or from 6 in vivo testes) were examined. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, blue). Magnification: × 900; bar: 10 μm. (b) Proportion of haploid, aneuploid and diploid spermatozoa in control testes and in organotypic cultures. Data are expressed as mean ± SEM for in vivo controls. Aneuploidy: sum of the frequencies of XX, YY, 88 and XY spermatozoa; diploidy: sum of frequencies of XX88, YY88 and XY88 spermatozoa; total chromosome abnormalities: sum of frequencies of aneuploid and diploid spermatozoa. (c) Histograms showing chromosomes X, Y and 8 distribution within the nuclei of in vitro and in vivo produced spermatozoa. Nuclei were arbitrarily divided into apical, basal, ventral and dorsal regions. a: P < 0.05 compared to in vivo controls; b: P < 0.05 compared to cultures of fresh tissues. spermatogenic wave showed less nuclear alterations. Spermatozoa from 30-day cultures were however compared to spermatozoa obtained from 60 to 61 dpp mice during established spermatogenic cycles ( Supplementary Figs. 1-3 ). Our data show that less haploid spermatozoa and a higher proportion of spermatozoa with abnormally condensed chromatin were found in 30-day cultures than in 60-61 Terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) analyses performed on spermatozoa extracted from 30-day cultures of fresh, CSF or SSV testes and from 36 to 37 dpp testes (in vivo controls). A hundred spermatozoa (from a pool of 6 in vitro matured testes or from 6 in vivo testes) were examined. Shown are representative images of spermatozoa with unfragmented DNA (TUNEL −) or fragmented DNA (TUNEL +). Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, blue). Representative images obtained when TUNEL analyses were performed without Terminal deoxynucleotidyl transferase (TdT; negative controls) or when testicular cells were incubated with deoxyribonuclease I (DNase I) before TUNEL analyses (positive controls) are also shown. Magnification: × 900; bar: 10 μm. (b) Aniline blue (AB) staining of spermatozoa extracted from 30-day cultures of fresh, CSF or SSV testes and from 36 to 37 dpp testes. A hundred spermatozoa (from a pool of 6 in vitro matured testes or from 6 in vivo testes) were examined. Shown are representative images of spermatozoa with condensed chromatin (AB−, upper left corner) or abnormally condensed chromatin (AB+, upper right corner). Cells were counterstained with eosin. Magnification: × 500; bar: 20 μm. (c) Percentage of spermatozoa with fragmented DNA or with abnormally condensed chromatin in 30-day cultures of fresh, CSF or SSV testes and in 36-37 dpp testes. Data are expressed as mean ± SEM for in vivo controls. telomere signals (Cy3-conjugated peptide nucleic acid (PNA) probes, red) in spermatozoa extracted from 30-day cultures of fresh, CSF or SSV testes and from 36 to 37 dpp testes (in vivo controls). A hundred spermatozoa (from a pool of 6 in vitro matured testes or from 6 in vivo testes) were examined. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, blue). Magnification: × 900; bar: 10 μm. (b, c) Box plot distributions of telomere length in kilobases (kb) (b) and of number of telomere signals (c) in spermatozoa extracted from 30-day cultures of fresh, CSF or SSV testes and from 36 to 37 dpp testes. The boxes stretches from the 25th to the 75th percentile. The median is shown as a line across the boxes. The horizontal lines outside the boxes display minimum and maximum. The circles represent outliers. *P < 0.05; **P < 0.01; ***P < 0.001. dpp testes (92.16-94.06% versus 98.25 ± 0.79% and 40-44% versus 30.7 ± 5.28%, respectively, Supplementary Figs. 1 and 2) .
Discussion
In the present work, the nuclear quality of spermatozoa generated after in vitro maturation of fresh or frozen/thawed pre-pubertal mouse testes was assessed for the first time. Our data show that most of spermatozoa generated in vitro are haploid, contain unfragmented and condensed nuclear DNA, and have normal telomere length. However, less telomere spots were observed within the nuclei of gametes produced in cultures than in vivo. Moreover, oxidized guanines were found in a higher proportion of spermatozoa in cultures of frozen/thawed testes.
Sperm DNA damage is associated with poor fertilization rates, defective embryonic development, high rates of miscarriage and an increased risk of diseases in the offspring (Ioannou et al., 2016; Simon et al., 2017) . Viable mouse progenies have been obtained with in vitro generated spermatozoa (Sato et al., 2011; Yokonishi et al., 2014; Komeya et al., 2016) . However, no progeny could be obtained with spermatozoa extracted from cultures of slow frozen testes (Yokonishi et al., 2014) , the most frequent cryopreservation method used for testicular tissue banking in pre-pubertal boys (Wyns et al., 2011) . In addition, the alteration of meiotic and postmeiotic progression observed in organotypic cultures (Rondanino et al., 2017) , likely at the origin of Percentage of 8-OHdG-positive spermatozoa extracted from 30-day cultures of fresh, CSF or SSV testes and from 36 to 37 dpp testes. Data are expressed as mean ± SEM for in vivo controls. *P < 0.05 compared to in vivo controls; **P < 0.01 compared to in vivo controls; # P < 0.05 compared to cultures of fresh tissues.
the low spermatogenic yield in vitro Dumont et al., 2015; Nakamura et al., 2017; Rondanino et al., 2017) , could induce sperm nuclear abnormalities. We therefore assessed the nuclear quality of in vitro produced spermatozoa with methods used in the clinics to evaluate sperm DNA integrity of infertile patients. Haploid gametes were generated in organotypic cultures, as previously observed by flow cytometry (Sato et al., 2011; Nakamura et al., 2017) . Our FISH analyses for chromosomes X, Y and 8 show that more than 91% of spermatozoa recovered in 30-day organotypic cultures and in 36-37 dpp control testes are haploid, with a sex ratio close to 1. Moreover, there was no significant differences in the frequencies of aneuploidy and diploidy between in vitro and in vivo produced spermatozoa (3.74-3.96% versus 5.79 ± 0.80% and 0% versus 0.15 ± 0.15%, respectively). In the sperm nuclei, chromosomes occupy non-random positions (Zalensky and Zalenskaya, 2007) . Here, we found a conserved distribution of sex chromosomes and a disturbed positioning of chromosome 8 in spermatozoa extracted from fresh and CSF tissues compared to their natural counterparts. As previously suggested (Foster et al., 2005; Zalensky and Zalenskaya, 2007; Iaonnou et al., 2016) , the spatial organization of chromosomes within the sperm nuclei could be functionally important at early stages of development: any perturbation in their location could affect the unpacking and remodeling of chromatin domains during fertilization and influence paternal gene expression in the early embryo. Our data also show that the production of spermatozoa with DNA fragmentation was not increased compared to in vivo controls (32-37% versus 35.7 ± 1.7%), although an increased formation of TUNEL-positive round spermatids was previously observed in organotypic cultures . The differentiation arrest, apoptosis and phagocytosis by Sertoli cells of some of the altered round spermatids generated in vitro could explain these results. Accordingly, cleaved caspase 3 positive round spermatids were recently evidenced in organotypic cultures (Yao et al., 2017) . Lower aneuploidy rates (0.05-0.6%) (Adler et al., 1996; Brinkworth and Schmid, 2003; Otaka et al., 2015) and DNA fragmentation rates (0.9-7%) (Brinkworth and Schmid, 2003; Fernández-Gonzalez et al., 2008; Pérez-Cerezales et al., 2012) have been described in testicular spermatids and epididymal spermatozoa of young adult mice. An increased generation of defective gametes during the first spermatogenic wave could explain the elevated values found in this study. The prolonged culture of testicular tissues, once optimized, could thus allow the production of spermatozoa with less nuclear alterations. Because of the low spermatogenic yield in organotypic cultures, our data were obtained on a limited number of spermatozoa. Therefore, further studies will be necessary to enhance the in vitro production of spermatozoa and confirm these results.
Chromatin was compacted in most of spermatozoa recovered from cultured tissues. The low mRNA levels of transition protein 1 and protamine 2 described in organotypic cultures (Rondanino et al., 2017) therefore likely reflect the poor sperm production rather than the disturbed replacement of histones by basic proteins.
In vitro and in vivo produced spermatozoa had similar telomere lengths. We estimated by Q-FISH that mouse sperm telomeres ranged from 40 to 638 kb in length (median = 129 kb). Estimates performed in other murine cell types found telomere lengths ranging from 20 to 150 kb (Kipling and Cooke, 1990; Starling et al., 1990) or 10 to 60 kb (Zijlmans et al., 1997) . Because sperm telomeres join in dimers or tetramers in several mammalian species including mouse (Zalensky et al., 1997; Moskovtsev et al., 2010) , the number of telomere signals per nucleus was below the theoretically expected number of 40. Changes in chromosomes positioning together with enhanced telomere-telomere interactions (i.e. higher number of telomere tetramers than dimers) could account for the decreased number of telomere spots found in the nuclei of in vitro generated gametes.
Seminiferous tubules are directly exposed to air in the gas-liquid interphase culture system. Nonetheless, no increased generation of spermatozoa containing 8-OHdG adducts was found in cultures of fresh tissues supplemented with vitamin E, a major membrane protectant against reactive oxygen species. However, more spermatozoa presented oxidative damage in cultures of frozen/thawed tissues, suggesting that cryopreservation procedures may alter the defensive capacity of undifferentiated and differentiated germ cells against oxidative stress.
Conclusions
In conclusion, the production of spermatozoa with aneuploidy, DNA fragmentation or chromatin condensation defects was not increased in organotypic cultures compared to in vivo controls. Major events occurring during spermatogenesis (chromosome segregation, chromatin packaging, telomere lengthening) are reproduced in vitro. Differences in chromosome 8 localization and in telomere-telomere interactions were evidenced between in vitro and in vivo produced spermatozoa. The organotypic culture conditions will have to be further optimized to allow the analysis of a sufficient number of spermatozoa at the ultrastructural level by transmission electron microscopy. Epigenetic modifications will have to be investigated in in vitro generated gametes, as well as embryonic development. Furthermore, the culture system will have to be adapted for human tissue and extensive analyses of human gamete quality will have to be performed before potential clinical applications can be envisaged.
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